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INTRODUCT!ICON

THE WORK COVERED BY THIS REPORT CONSI!ISTS OF A CONCEPTUAL STUDY

OF 3OTH CONVENT)IONAL AND ENERGY STCFRAGE HYDRAULIC CONTROL SYSTEMS

T oap Es s e

TYPES OF SYSTEMB ARE STUDIED IN

FOR A VIBRAT!CN

1 ON GENERATOR,.
DETAIL AND COMPARED AS TO COST, PERFORMANCE, ACCURACY, PROBABILITY
OF SUCCESS, AND E£ASE OF CHANGING FREQUENCY AND AMPLITUDE,

TWOo TYPES OF ENERGY STORAGE SYSTEMS WERE ANALYZED. BOTH SYSTEMS
USE RESONANCE PHENOMENA AS A MEANE OF ENERGY STORAGE. ONE SYSTEM
USES MECHANICAL SPRINGBS FOR ENERGBY STORABE, AND THE SECOND SYSTEM
UTILIZES FLUID COMPRESSION AS A MEANS OF ENER@Y STORAGE. THE THIAD
SYSTEM STUDIED 18 A CONVENTIONAL BYSTEM WHICH DOES NOT UTIL)ZE ENERGQY
STORAGE BUT PROVIDES ALL THE POWER REQUIRED TO DRIVE THzZ LOAD.

N COMPARISON OF ALL THREE SYSTEMS 1S SHOWN IN SEcTioN IV,



SECTION |

SPRING STORAGE SYSTEM

SysTeEM DESCRIPTICON

THE BASIC SYBTEM CONBISTS OF A VARIABLE DELIVERY PISTON PUMP
WHICH POWERS A CLOBED LOOP BERVO VALVE~-CYLINDER TAT CONTROLS THE
POWER INPUT TO THE LOAD, THE POWER REGENERATION 18 DERIVED FROM
THE MASS VELOCITY MOTION BEING BTORED IN HELICAL SPRINGS WHICH ARE
CONNEGTED TO THE LOAD MASS, THUB, WHEN THE MAB8 18 IN MOTION, ALL
OF 1T8 ENERGY (8 TRANBFERRED TO THE BPRING8. WHEN THE MASS HA8 GIVEN
UP I1TS ENERGY, THE BPRINGS NOW HAVE "STORED" ENERGY, AND THI8 18 USED
TO RE~ACCELERATE THE MASS, THUS, WE HAVE A REGENERATIVE BYSTEM
WHIGH WOULD REMA(N IN OSCILLATION IF NO MECHANICAL LOBSES WERE
PRESENT AND WHOSE RATE OF OBCILLATION WOULD BE DETERMINED BY THE MASS
AND THE SPRING RATE. SINCE LOBBES ARE PREBENT, ALL THE BPRING MABS
8YSTEM REQUIRES FROM AN EXTERNAL SOURGE 18 AN AMOUNT OF ENERGY EQUAL
TO THEBE MECHANICAL LOB8SEB, THE HYDRAULIC COMPONENTS WERE 81ZED 80
THAT THI8 AMOUNT OF POWER COULD READILY BE APPLIED TO THE LOAD.

THE SELECTED COMPONENTS INCLUDE 2 POWER UNITS (ONE FOR EACH
AX18). A PRESSURE COMPENSATED PUMP I8 UTIL!ZED WHICH PROVIDES ONLY
THE OUTPUT FLOW THAT 8 REQUIRED BY THE SYSTEM, THUS DECREASING THE
POWER REQUIRED FOR DUTY CYCLES OF LESE THAN MAXIMUM, |T 18 AB8U.ED
THAT ONLY ONE ARM WILL BE OPERATED AT ONE TIME 80 THAT ONLY 2 POWER
UNITS ARE REQUIRED, THESE PROVIDE THE HYDRAULIC FLOW REQUIRED BY THE
HIGH FLOW S8ERVO VALVES, |N ORDER TO UBE A BINGLE ENDED CYLINDER WITH
THE DEBIRED CLEVIS TYPE MOUNT, A 3-WAY SERVO VALVE WAS SBELECTED N

ORDER TO PROVIDE MINIMUM FLOW FROM THE PUMP AT MAXIMUNM DUTY CONDITIONS,



SyeTem CPERATION

THE CONTROL SYS8TEM FOR THE SPRING MABS LOAD UTILIZES A FREQUENCY
GENERATOR A8 THE COMMAND DEVICE, A LINEAR AMPLIFIER WHICH COMPARES
THE COMMAND SIGNAL WITH THE LOAD POSITIONAL SIGNAL, AMPLIFIES THME
ERROR SIQGNAL BETWEEN THE COMMAND AND FEEDBACK AND POBITIONS THE SBERVO

VALVE SPOOL AGCORDINGLY

HUUR . TLo P
-] THE F

5 H oW TN O THo
& - (] o IR T

L LOAD CVYLINDIR AND
POWER TO THE LOAD I8 CONTROLLED. THE SYSTEM WILL EITHER ADD OR SUBTRACT
PCWER FROM THE LOAD TO LIMIT THE AMPLITUDE OF THE LOAD POSITION TO

178 PROPER VALUE.

THE SPRING~MASS SYSTEM WILL DETERMINE ! TS OWN RESONANT FREQUENCY
UNLESE FORCED TO A DIFFERENT FREQUENCY. AT TH!S RESONANT FREQUENCY
POINT, THE POWER INPUT WILL BE AT A MINIMUM., |F THE COMMAND S8IGNAL
18 AT O%HER THAN THE SEPRING MABS RESONANT FREQUENGY, THE POWER RE-~-
QUIRED BY THE SYSTEM WILL INCREASBE, AND THE SYSTEM WILL OSOILLATE
AT THE COMMAND FREQUENCY. THUS, THE SYSTEM CAN BE FORCED TO OSCILLATE
AT A FREQUENCY OTHER THAN THE NATURAL FREQUENGY, BUT ONLY WITHIN
THE LIMITS OF POWER AVAILABILITY FROM THE POWER UNIT,

CHANGES IN THE FREQUENCY OF LOAD OSCILLATIONGCAN BE OBTAINED BY
CHANGING THE NUMBER OF SPRINGS IN THE SPRING MABS ASBEMBLY. THE
#8 Y AX1I® HAS BEEN 812ED TO USE 9 DOUBLE SPRINGS ON EAOHR 8IDE OF THE
MA88, CACH DOUBLE 8PRING CONB8ISTS OF 2 OUTER $PRINGS IN SERIES WITH
EACH OTNER AND 2 INNER BPRINGS IN SERIES WITH EACH OTHER BUT 1IN
PARALLEL WITH THE OUTER B8PRINGS, THUS, THERE ARE 19 POSSIBLE NATURAL
RESBONANT FREQUENGCIES AVAILABLE FROM 84 To .2 GP8 - THE .2 CP8 POINT
BEING OBTAINED WITH NO BPRINGB IN THE 8YBTEM. HERE THME HYDRAULIC OfL

IN THE 8YSTEM BTORES ENERGY THE SAME A8 THE MECHANICAL SPRINGS DID

PREVIODUSLY,

[R®]



ADVANTAGES AND DIBADVANTAGES OF THE SPRING STORAGE SYSTEM

THE RELATIVE

ADVANTAGES CAN READILY BE DETERMINED BY THE CUBTOMER, 80 NO

I8 MADE HERE

TO BVALUATE THE(R [IMPORTANCE,

ADVANTAGES:

1.
2.

YECHANICAL SPRINGS ARE MIGMLY EFFICIENT,
JAECHANIGAL BPRING8B PRODUCE NATURAL SELF-
CENTERING OF THE LOAD,

McCHANICAL SPRINGS ARE VERY LINEAR IN BPRIG
RATE AND HENCE WiLL TEND TO PRODUGE A GOOD
SINE WAVE OF POSITION,

3Y CHANGING SPRINGS TO CHANGE THE FREQUENCY
OF O8CILLATION, THE SYSTEM ALWAYS OPERATES
AT 1T8 OPTIMUM EFFICIENCY, THAT 18, ITS8
NATURAL RESONANT FREQUENCY.

THE SPRING RATE CHANGE WITH TEMPERATURE 18
EXTREMELY SMALL IN COMPARIBON TO GAS TYPE

ENERGBY STORAGE SB8YBTEMS,

DI18ADVANTAGESS

1.
2.

5.

MEGHANICAL SPRINGS ARE AWKWARD T2 HANDLE,

THE FREQUENCY VARIATION (8 OBTAINED BY
MCCHANICAL STEP CHANGES INSTEAD OF ELECTRICALLY
CHANGING THE COMMAND FREQUENCY ALONE.
MEGHANICAL BPRINGS REQUIRE CONSIDERABLE

SPAGE FOR LARGE HMORSEPOWER B8TORAGE.

MEGHANICAL S8PRINGS HAVE ABOUT A #1034 ToLERANGE
ON SPRING RATE, WHICH MEAN8 APPROXIMATELY t5%

ON THE NATURAL FREQUENCY OF OBCILLATYION,.

AT

-
)

I MPORTANCE OF THE FOLLOWING ADVANTAGES AND Di8-

ENMPT

CONTROL OF ANY TYPE OF RESONANT CIRCUIT 18 DIFFICULT.
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SpeciFicATIONS OF SPRING STORAGE SYSTEM

A

A. LoAD rreQuENCY: 5% OF SET FREQUENCY.

B, FTREQUENCY ADUUSTMENT: DBY ADDING OR REMOGVING EPRING

C. AMPLITUDE TOLERANCES: 5% OF SET AMPLITUDE,
De NWPLITUDE ADJUSTMENT: GCLECTRICAL.
£. PHASE ADJUUSBSTWMENT BETWEEN AX18: ELLECTRICAL.
Fo COMMAND S1GNAL: DOTH AXES FROM SAME SOURCE,
G. POWeR AMPLIFICATION: 5874 AT SPRING HABS
NATURAL REBONANCE,
He TIME TO AEACH MAXIMUM AMPLITUDES: APPROXIMATELY .5
J. OPERATING FLUID TEMPERATURES: 125° £25°TF,

K. Spring space REQuiIreEmMENT (3Y axis) 116" L x 157.5"

0o
@

MIN.

qox

17.5"H., PROGRESSIVELY LESS FOR OTHER AXIS BY APPIOXIMATELY

HORSEPOWER STORAGE REQUIREMENT.

AT MAXIMUM VELOCITY,

Le VIBCOUB FRICGTION: ASSUMED TO BE 5% OF MAXIMUM FORCE



SysteEM COMPONENTS REQUIRED

1 PoweRr

"'NIT CONBISTING OF

1 PVAI2D puMP WHICH 1HNCLUDESD:

1 PVA120-RS-10 pump

1 CAP-SCR7-10-C-- PREGSURE COMPERSATOR CONTROL

1 V210-€-1C-12-1LH-521 AuxiLIARY PUNMP

1 24O708 AUXILIARY PUMP MOUNTING KIT

2 FL2-120-28 BI'L-10 FLANGE

1 FVA12D PUMP WHICH INCLUDES:

1 PVAT120-RE-1D pump

CAF -SCR7-10~C~~ PRESBURE COMPENSATOR CONTROL

D FL2-120-28-BWL-10 rrLANGE

1 C7-06-B~-10 RELIEF VALVE

2 CT-10-B~10 RELIEF VALVE

2 CF-16-H RELIEF VALVES

6

CGVME-06-10

2 ELECTRIC MOTOR AND BTARTER

3 # W40 vAC, 150 we -

1200 RPM OPEN DRIPPROOF

FiLTers

2
2

—h

xh)

50V8SA-1C-10
CCW-6-10 o1t
CCRV-1-06-12
0CST-1-06-10

VANE PUMP

COOLER

TEMP, CONTROL VALVE

WATER BTRAINERS

1 0CBYW-1-10 BULE WELL

1
2

OlL TANK

CHECK VALVES

16 DTPG2-04-10 GLOBE VALVE

16 2 INCH GLOBE VALVE - 5000 pst

5



CYLINDER St 2ES

CYLINDER (INCHES) SPR I NGS
VOL WAz
AX1S fcre STINOKE SERVO VAILVE (CU,rT
2Y 1.5 12 MEDIUM FLOW 3.3
2X 1.5 12 WEDIUM FLOW 1.6
3Y 1e9 i5 IEDIUM FLOW 5.2
3X 1.5 15 MEDIUM FLOW 2.9
Ly 1.5 18 MEDIUM FLOW 19
LX 1. 18 MEDIUM FLOW 8
5Y 1.5 32 MEDIUM FLOW 35
5X 1.5 32 MEDI UM FLOW et
6Y 2 36 HiGH FLOW 3
6X 2 36 HiegH FLOW L9
A% 2 L8 HigH FLOW 120
7Y 2 Le HiGH FLOW 75
8y 2 69 HieH FLOW 184
8X 2 69 Hign rFLOW 123
oY 2 64 HigH FLOW 112
ax 2 6L HiGH FLOW €2.5

&



ErecTrical CompONENTS REQUIFED Per Ax18: CoMMON TO ALL 16 aAxeESs

1 FEEDBACK MECHANISBM

A

i

1oauMp
1 Power Sueery (FLcor)
1 SiaNaL GENERATOR

1 PreEamPLrrier AND Powesr SuppLy

MISCELLANEOUS LLECTRONIC CQUiPMENT & DNGCLOBURE



CNGINECRING TASKS
SERVO VALVE
CNGINEERING
TesT
“vat. Spec. CirecurTs

T
1

EST

16 SpeciFic SYSTEM ANALYSBES

CvERALL SYSTEM ANALYSIS

SectioN oF COMPONENTS

SYSTEM SCHEMATIC
TrecTricAL & HyprauLIC

CuetomMer COORDINATION

VenNpor COOPDINATION

Parts L:BTS

Power Uni1T TEST

INSTRUCTION MANUALS

SPEC, TEST MATERIALS

Mra. Liar16oN

Spec. Cvi.

PRECONTRACTUAL

TriPs



FLUID STCRAGE SYSTEH

INTRODUGCTION

THE ENERGY STORAGE METHOD CONSIDERED IN THIS PORTION OF THE 8TUDY
I8 THE FLUID SPFRING. CNERGY 18 STORED BY COMPRESSION OF THE HMYDRAULIC

FLUID AND 1S RELEASED DURING DECOMPRESSION TC DRIVE THE LDAD.

O



SYSTEM DESCRIPTION

THE DRIVE SYSTEM CONSISTS OF A HYDRAULIC CYLINDER ACTUATOR
ATTAGCHED TO THE LOAD, THE CYLINDER ACTUATOR 18 OPERATED B3Y A S8ERVO
CONTROLLED PUMP WHICH GENERATES THE FLOW AND PREBSURE REQUIRED TO
POSITION THE LOAD.

tTH THIS SYSTEM, THE HYDRAULIC FLU!D SERVES A8 THE FNERGY
STORAGE MEDIUM, THE HYDRAULIC SYSTEM 18 TUNED TO RESONANCE AT THE
MAXIMUM DRIVE FREQUENCY OF THE L0AD, OCYLINDER ACTUATORS HAVE BEEN
81 ZED SO THAT HYDRAULIC RESONANGE OCCURS NEAR THIS FREQUENCY ON ALL
DRI VES.

Two PVA12) SERVOPUMPS OPERATING IN PARALLEL ARE USED A8 THE CON-
TROLLING DEVICE 9N EACH AX18., THI8 PERMITE THE OPERATION OF ANY
ONE STATION, THE ACTUATORS ON THE REMAINING STATIONS ARE (SOLATED FROM

THE SERVOPUMP BY GLOBE VALVES,



w

SYSTEM UPERATION
THE SYSTEM OPERATES BASICALLY AT A SPRING-MASE RESONANT SYSTEM
W!TH THE SERVOPUMP ODUTPUT ACTING AS THE FORCING FUNCTION OF THE SYSTEM,
THE HYDRAULIGC FLUID SERVES A8 THE SPRINE IN THIS CABE, WITH THE HY-
DRAULIC SYBTEM TUNED TO THE MAXIMUM DRIVING FRLCQUENCY OF THE LOAD.
THIS PROVIDES MAXIMUM POWER CONSERVAITION AT THE FREQUENMCY WHEZPE MAX I MUL
LOAD POWER IE PEQUIRED.
THC HYDRAULIC FLUID ABSORBS ENERGY FROM THE LOAD DURING DECELERA=-
TICN BY COMPRESEION OF THE FLUID, DURING AGCELERATION, ENERGY 18
RETURNED TO THE LOAD AS THE FLUI!D DECOMPRESSES,
T RESOMANCE, THE SERVOPUMP, WHICH ACTS AS THE FCFCIIG FUNCTION,
MUST MAKE UP THE SYSTEM LOSSES, /A VISCOUS DRAG COEFFICIENT FOR THE
LCAD WAE ABSUMED WHICH WOULD PROVIDE A VISCOUS DRAG FORCE AT MAXIMUM
VELOGITY EQUAL TO 5% OF THE MAXIMUM ACCELERATING FORCE. AT RESONADE
THE PUMP MUST MAKE UP THE LOS®ES DUE TO THIS DAMPING FORCE PLUS SYBTEM
LEAKAGES. AWAY FROM RESONANCE, ENERGY CONSERVATION I8 NO LONGER
OPTIMUM, S0 THAT AT INTERMEDIATE FREQUENCIES THE PUMP MUST BUPPLY A
GREATER fMCUNT OF ENERGY TO THE SYSTEM THAN AT RESONANCE, OSOME ADDI -~
1CMAL POWER COULD BE BAVED B8Y RETUNING THE HYDRAULIC SYSTEM FOR THESBE
INTERMEDIATE FRCQUENCIES. OSINCE THE HYDRAULIC RESONANCE 1S INVERSELY
PROPORTIONAL TGO THE SQUARE ROOT OF THE O1IL VOLUME UNDER COMPRESSION,
1T 18 THEDRETIGALLY POSS!ISLE TO RETUNE THE SYETEM B2Y ADDING TO THE OIL
VOLUME. THE KYDRAULIC SYSTEM MAY ALSO BE TUNED BY CHANGING THE
ACTUATOR AREA SINCC RESOMANT FREQUENCY (8 PROPORTIONAL TO THE CYLINDER
AREA. THIS HMETHOD WOULD REQUIRE THE USE OF MULTIPLE CYLINDERS. 2ECAUSE
EITHER A LARGE VOLUME OF O1L OR MULTIPLE ACTUATONRS WOULD BE REQUI!RED
TO OBTAIN A RCASONABLE POWER 8AVING AT INTERMEDIATE FREQUENCIES, THE
PROPOSBED SYSTEM 1S TUNED ONLY TOD THE MAXIMUM DRIVE FREQUENCY AND ADD! -
TIONAL POWER 1S ADDED AT INTERMEDIATE FREQUENCIES,

11



SysTeEM “PERATION (CONTINUED)

THE PUMP 0QUTPUT 1S5 CCONTROLLED BY A POSITIONAL SIGNAL FROM THE
LOAD, THIS POSITIONAL BIGNAL 18 WIKED WITH THD QUTPUT OF A S1GNAL
GENERATOR WHIGH ACTS AS THE REFERENCE SOURCE FOR FREQUENCY AND AMPL!TUDE-
StmecT A LIGHTLY DAMPLD SCAVO SYSTEM 18 DIFFICULT TO GONTAROL AT 1TS
RESONANT POINT, A SECONDARY FEEDBACK OF ACCELERATION 18 PROPOSED TO
PERMIT 2ORE IDJAL CLOSED LOOP SYSTEM CHARACTERISTICS. 1 NAL SELECTION
OF FEIDGAGCK CCMPONENTS WHICH WOULD BE NEEDUD FOR A SATISFACICORILY
OPEZRATING SERVOC SYSTEM WOULD REQUIRE A MORE DETAILED SERVO ANALYSIS

AND WOULD HAVE TO INCLUDD LOAD REEONANCE, LOAD DAMPING AND FEICTI10N,

PLUS OTHEZR NONLINEAR LOAD AND ACTUATOR CHARACTERISTICS.,

12



lLoAD FREQUENCY: *5% OF BET FREQUENCY.

FREQUENCY ADJUETHENT: DY ELECTRIGALLY CHANGING THE
FORCING FREGUENCY FROM 0,2 10 0.24% cps., Hyprautic
SYSTEWM 1S TUNED 10 KESONANT AT D.04% cpe.

fimp 1 Tune ToLfrancE: 07,

AMPLITUDE ADJUSTHENT: [LECTRIC ADJUSTHMENT OF INPUT
SIGNAL.

PHASE ADJUUSTMENT BETWEEN AXES: TLECTRICAL ADJUETMENT
OF PHASE BETWEEN THE (NPUT &1GNALS,

COoMMAND SI1GNAL: DOTH AXES FROM SAME S1GHNAL SOURCE
WITH PROVIBION FOR PHASE ADJUSTMENT BETWEEN THE

TWO BIGNALS,

FOWER AMPLIFICATION: ApouUT 10 TIMES AT REESONANCE
(0.3% cpe) TO umiTY AT 0.2 cPs.,

TIME 70 REACH MAXIMUM AMPLITUDE: ABOUT .5 MINUTES,
OPERATING FLUID TEMPERATURE: 125° £D5°F,

SPAGCE REQUIREMENTS: PPROXIMATELY 13.5 INCHESE X
13.5 INCHES X 73 INCHES FOR 7 INCH CYLINDER ON

AxE8 £ Y WiTH TRUNNION MOUNT, PLUS ADDITIONAL 60
INCH SPACE REQUIRED LENGTHWISE TO ALLOW EXTENSION
OF DCUGLE ROD., PPROPCRTIONALLY SMALLER SPACE
REQUIFED ON DTHER AXES.

Viectus FRICTION: fBSUMED TO BE OF MAXIMUM FORCE

AT MAXKIMUM VELOCITY.

13



ADVANTAGCS AND DISADVANTAGES OF THE FLuUiD STORAGE CYBTEM
ADVANTAGES:

1.

POWER CONSERVATION

Ao
AR NN oy

IS OBTAINED BY UTILIZING THE
COMPRESSIBILITY CHARAGCTERISTIC OF THE HYDRAULIC
FLUID, |
2. OSERVOPUMP CONTRODL ELIMINATES POWER LOSS DUE TO
PRESSURE DROP THROUGH METERING VALVES (SERVD
’ VALVES),
3. Mo EXTERNAL

[ oSN} Ladhp ]
AU | ivioare

“FFECTIVE GCHANGE

SPRINGS DR PRECHARGED ACCUMULATORS
I N

A

A
~
Il

CAN RESULT

IS

SPRING RATE W!ITH PRESSURE
MUCH LESS WITH HYDRAULIC FLUID AS COMPARED TO
GAS AGCUHULATOR.
' N

NONL INEAR SPRING RATE
HARMON!CS
s

IN THE QUTPUT AND ADDI -
TIONAL POWER LOSSES,
5 A SERVNPUMP HAS

PNHERENTLY
CHARACTERISTICS

MOFE LINEAR ODOPERATI NG
THAN A STANDARD
16 USBED).

- F‘. v
sYSTEM (SXCEPT WHEN A CONSTANT GAIN SERVO VALVE
DisabpvanTAaGES:

1.

N LARGE VoL UME

~

Py }

DOF LFUID 'S REQUIRED TO OEBTAIN
PESONANCE AT THEZI OPERATING FREQUENCY.,
THERE 18 A SPRING RATE

AND TEMPERATURE.

CHANGE W1TH PRESSURE
TH1S
FREQUENCY

WOULD CAUSE
TO CHAMNGE BY

THE RESONANT

rsout 10% rFor D-5020 pei
PPERATION AnD ASouT 107 rFor A £270°
CHAMNGE . THIS 18 ALSO TRUE OF AN

T
TO A MUCH GREATER EXTENT.)

EMPERATUNE
AlR

ACCUMULATOR
1L

T
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ADVANTAGES AMD DISADVANTAGES OF T:c FLUID STORAGE SYSTEM

Disapyanutages (CONTINUED)
3. OSERVO CONTROL IS CRITICAL SINCE THE CLOSED
LOOP CONTAINS A VERY LOW FREQUENCY LIGHTLY

DAMPED S8ECOND ORDER TRANSFER FUNCTION.

o

’ \ - - .
ADJUCSTWMENT OF EYSTEM RESONANCT TO LNOWER FRE-

QUENCIES FOR GREATER POWER CONSERVATION DVER
THE FULL FREQULENCY RANGE WOULD REQUIRE:
Ay N LARGE INCREASE 1t 0OIL
VOL UME,
C. USE OF MULTIPLE CYLINDIRS.

5. { DOUBLE CHDED CYLINDFFR MUST BE USED WITH

CERVOPUMP CONTROL.



COMPONENTS - £AX1S DRIVE UNIT - 2 SETS REQUIRED

(E) Zcrvo pump - PVA12D - assemaLy
TO INCLUDE:

1 PVA12D2-FD-1D pump
1 CAP-DR-1D Z,.H, coNTROL

2 FL2-120-233%L-10 FLANGES

(F) Servo pPump - PVA12D - assewmBLYy
TO VYNCLUDE

1 PVA120-LE-1D Puwmp

1 CAP-DR-1D E.H, CcONTROL

2 FL2-120-283WL-10 FLANGES

1 249710 aux. Pume urg, X1t

1 V4230-26-5-1C~10-LH-5214
(G) ZLECTRIC MOTOR AND MOTOR STARTER

3 /4, W0 vAC, 200 wep, 182D rem
CPEN, DRIPPROODF

(M) “Evier vaLve - CF=16-H
FLANGES FL-16-PS-20

(J) Check varLves DF1NP1-2L4-5-20
FLanges FL-20-FL-20

(K) "eLier vaLve CT-10-5-12

(L) “1L cooLer TCW-6-10
TemP, coNTrROL vaLve ~CRV-1-26-1D
WATER STRAINER "CST-1-2€6-1D
BULB wELL CCBY-1-173

() CHeck varve C -325-23

(N) CHeck vaLve C2-825

(P) Fump INLET FILTER, §05-238-4-3-F|-U1

(") "ESERVOIR, AND RELATED EQUIPMENT, 60 BAL

1 REQ.

1

N @O¥FEF o

REQ.

REQ.

REQ.
REQ.

REQ.
REQ.

REQ.
REGQ.
REQ.
REQ.
REQ.
REQe
REQ.

REQ.

REQ.



(44) SERVO AMPLIFIER AND POWER 8UPPLY EAPS-A-11 2 REQ.

*(B2) FUNCTION GENERATOR - GINERAL RADID
1305 /R 1 REQ.

*#*(CC) POWER SUPPLY FOR YOKE POTENTINDMETER
ELcor ATI0D-2D 2 REQ.

#(DD) PREAMPLIFIER AND POWER BUPPLY
'‘1cro Gee PropucTs Yopetr 50545 1 REQ.

MIBCELLANEOUS ELECTRONIC EQU!IPMENT

(*PREAMPLIFIER AND POWER SUPPLY, Y AXIS8 ONLY, | -2,)



ConMpoNENTS - ACTUATOR

UNITS

(V) CYLiNDER, DOUBLE ROD,

24 5

2Y 51
X5

3y 5

LX 5 4N

Ly A an oevL.,
5 95 1N cvYL,
5Y 6 1N cYL,
€X 5 1N cvYL,
€Y 7 1N cvyL,
7K 5 IN cYL,
7Y 7 1N cYL,
8X 5 1n cvi,
3Y - 7 N oy,
80X 5 N cvL,
Y 5 N cYL,

Lo~
- )

[Sa%

T T £7r0
[GA AN ] [OR} [

oW

!
t

D
nn.

N. CY¥L, 3.5 1N ROD, 13
N. CYLy, 3.5 1N ROD, 13

N CYL, 3.5 1N ROD, 15
IN CYL, 3.5 N ROD, 15

CYL., 2.5 1N ROD, 13

1N roD, 19

N
N

!

z Z

Z

N
N

(3) Guose vaLve, 5900 ps

1.5 INCH
2.2 INCH
2.5 INCH
2.2 INGCH
4.2 iNcH
5.0 INCH

(C) “9TENIICMETER

() «CCELEROMETER

FEEDBACK POTENTIOMETER

ROD,

30
rop, 3C

3

2

KOD,
ROD,

FOD, U
R0OD, 4
RoD, €
ROD, O

poD, (
rROD, €

LOAD POSITION

GEZARING

INe STROKE
INe BTROKE

N. STROKE
N. BTROKE

IN STROKE
IN STROKE

Y

z

ETROKE
N STROKE

N STROKE
N STRCKE

N STROKE
N BTROKE

N STROKE
N STROKE

N STROKE
N STR2KE

-+

ot

NI

£ 1Q.
REQ.,
REQ.
RIQ.
REQ.
REQ.,

16 Rregq.
16 RrREQ.

16 Rregq.



SECTICN 111

CONVENTIONAL

SYSTEM DESCRIPTION

THE BASIC SYSTEM CONSI18TS8 OF FIXED DISPLACEMENT VANE PUMPS WHICH
ACT AS THE HYDRAULIC POWER 8OURCE. THE POWER INTO THE LDAD 18 CON-

-
i

D 3Y A CLOSED LOOP POSITIONAL SYSTEM USING A SERVO VALVE AND

m

ROLL
CYLINDER, A POTENTIOMETER ON THE CYLINDER 18 USED TO FEED BACK LOAD
POBITION., THE COMMAND FOR LOAD POSITION 18 PROVIDED BY A FUNCTION
GENERATOR WHICH HAS TWO OUTPUTS ADJUSTABLE IN PHASE RELATIVE TO ONE
ANOTHER., OSPECIAL HIGH FLOW SERVO VALVES ARE USED ON THE HIGHER FLOW
AXES,

FourR BASIC POWER UNITS ARE PROVIDED., [|WO HAVE A HIGH FLOW OUTPUT
AND ARE USED TO SUPPLY THE X AND Y AXES OF STATIONS 5 THROUGH 9. Two
HAVE A LOWER OUTPUT AND ARE USED TO S8UPPLY STATIONS 2 THROUGH Y,

TO OBTAIN A MINIMUM AVERAGE POWER INPUT AND PROVIDE GREATER CON-
TROL SYSBTEM BTABILITY, A PRESBSURE DEMAND TYPE OF SBERVO VALVE SUPPLY
18 USED, WiTH THIS SYSTEM, A CONSTANT PRESSURE DROP 1S MAINTAINED ACROSS
THE SERVO VALVE. THIS DROP 1S SET AT THE MINIMUM PRESBURE AT WHICH
THE VALVE WiLL PABS THE PEAK FLOW, OERVO VALVE SUPPLY PRESSURE I8
THUS MAINTAINED AT LOAD PRESSURE PLUS THE FIXED VALVE DROP. WITH
THIS SYSTEM, THE BERVO VALVE OPERATES AT CONBTANT GAIN AND PROVIDES
ESSENTIALLY CONSTANT HYDRAULIC DAMPING FOR BETTER CONTROL SYSTEM
CHARACTERISTICS AND CONSBEQUENTLY THE HYDRAULIC SYSTEM CONTRIBUTES LESS
TO THE HARMONIC CONTENT OF THE OUTPUT., SINCE THE SERVO VALVE SUPPLY
PRESSURE I8 ADJUSTED BY LOAD DEMAND, ONLY ONE DRIVE CAN BE OPERATED
BY A BINGLE HYDRAULIC BUPPLY. ITH THE PROPOBED SYSTEM, ONE HIGH FLOW
sTATioN (5-9) AND ONE LOW FLOW 6TATION (2-4) CAN BE OPERATED AT THE

SAME TIME, WiTH ADDITIONAL VALVING AND PIPING TO PROVIDE A FLEXIBLE
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SysTeM DEscriPT1ION (CONTUNUED)

SELECTION OF SUPPLY PUMPS FOR EACH DRIVE, |IT YOULD BE POSSIBLE T0O
DRIVE MORE THAN TWO DRIVES AT ONE TIME, PROVIDING THAT THE TOTAL

FLOW CAPACITY WERE WITHIN THE CAPABILITY OF THE POWER UNITS.,

20



SysTeEM UPERATION

THE CONTROL SYSTEM USES A FREQUENCY GENERATOR AS THE GOMMAND
DEVICE., THIS COMMAND 1S COMPARED TO THE S1GNAL FROWM A FEEDBACK
POTENTIDMETER., THE RESULTANT ERROR SIGNAL 1S AMPLIFIED AND POSIT!IONS
THE SERVC VALVE SPOOL TO CONTROL THE FLOW INTO THE LOAD CYL!NDER,

T T

~ 1
i

HE COWNMMAND VOLTAGE F

THE LOAD i6 THUS POSiITIONED iN REBPONSE T0O ROM
THE GENERATOR., THE GENERATOR HAS A SECONDARY OUTPUT WHICH 15 ADJUSTABLE
IN PHABE RELATIVE TO THE PRIMARY QUTPUT. THIS 18 USED TO COMMAND THE
SECOND AXIS,

THE POWER UNITS WHICH SUPPLY FLOW FOR THE SERVD VALVES CONSIST OF
A NUMBER OF HIGH FLOW, HIGH PRESSURE VANE PUMPS, THE NUMBER OF PUMPS

WHICH WOULD BE TURNED ON TO SUPPLY A PARTICULAR DRIVE WOULD BE

i

YETERMINED B8Y THE PEAK FLOW REQUIREMENTS OF THE DRIVE BCLING CONTROLLED.
CHECK VALVES I'N THE OUTPUT LINES OF EACH PUMP PREVENT REVERSE FLOW
THROUGH THE PUMP WHEN THE PARTICULAR PUMP 1S NOT IN OPERATION,

CYSTEM PRESSURE IS SET BY THE PRESSURE DEMAND VALVE WHICH SENSES
THE MAX)IMUM PRESSURE IN THE LINES TO THE LOAD AND ADJUSTS THE SUPPLY

PRESSURE A FIXED AMOUNT ABOVE THE LOAD LINES, THIS MAINTAINS A CON-

STANT PRESSURE DROP ACROSS THE SERVO VALVE INDEPENDENT OF THE FLOW

THROUGH 1T, THERE ARE THREE MAIN ADVANTAGES 7O USING A PRESBURE DEMAND
SYBTEM,
1. T PERMITS A REDUCTION IN AVERAGE INPUT POWER WITH

FIXED DISPLACEMENT SUPPLY PUMPS SINCE SUPPLY PRESSURE
16 NOT FIXED AT A HIGH LEVEL.
2. THE AVERAGE PRESSURE SEEN BY THE BUPPLY PUMPS 1S

LOWER GIVING LONGER PUMP LIFE,.
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SysTeM QOperaTiON (CONTINUED)

SINCE A CONSTANT PRESSURE DROP 1S MAINTAINED

ACROSS THE SERVO VALVE, 1T HAS A CONSBTANT GAIN
DVER VAPYING FLCW AND PRESSURE COND!7TtCONS AND
HYDRAULIC DAMPING 1S ESSENTIALLY COUNEBTANT PRO~
VIDING BETTER CONDITIONS FOR SERVO CONTROL AND

CONTRIBUTING TQ A MORE IDEAL SINE WAVE DUTPUT,
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ADVANTAGES AND DISADVANTAGES OF THE CONVENTIONAL HYDRAULIGC OYSTEM

ADVANTAGES:
1. BETTER CONTROL CONDITIONS ARE OBTAINED WITH
A CONVENTIONAL SYSTEM, SINCE THE SYSTEMS
WHICH INCORPORATE ENERGY STORAGE DCPEND ON
OPERATING A1 OR NEAR THE SYSTEM RESONANT
POINT, THEY HAVE THE PROCLEWMS ASSOC!ATED
WITH THE CONTROL OF A RESONANT CIRCUIT, The

HIGHER 1 NHERENT RESONANT FREQUENCY AND THE

GAIN CHARACTER!STICS 0OF THE PRES!

[ i "=

o]

CONSTANT URFE

{

DEMAND SYSTEM USED MAKE THE CONVENTIONAL
SYSTEM MORE EASILY CONTROLLED.

2. DBfCAUSE OF THE BETTER CONTROL CHARACTERISTICS
OF THE CONVENTIONAL SYSTEM, THE ACCURACY OF
AMPLITUDE CONTROL WiLL BE BETTER THAN THE
RESONANT SYSTEMS,

3. HARMONIC CONTENT OF THE OUTPUT WiLL LIKELY
BE LOWER BECAUSE OF THE MORE LINEAR CHARACTER!ISTICS
OF THE CONVENTIONAL SYSTEM,

4. JMPLITUDE AND FREQUENCY ARE EASILY ADJUUSTED

BY CHANGING THE INPUT COMMAND.

DISADVANTAGES:
1. SINCE THERE 1S NO RETURN OF POWER TO THE
SYSTEM DURING DECELERATIONM OF THE LOAD, A

LARGE AMOUNT OF INPUT POWER 1S REQUIRED.
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ADVAITAGES AND DI1SADVANTAGES OF THE ConVENTiOMAL HYDRAULIC SYSTEM

DisapvANTAGES (CONTINUED)
2. BRELATIVELY COMPLEX PIPING AND VALVING 8
PEQUIRED | F MORE THAN TWO DRIVES ARE T0O

BE RUN AT OMNE TIME,

2L
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MiscelL

Ts - Power Suppry (CONTINUED)

1 PELIEF vALvE, CT-06-C

1 FiLTER PUMP INLET 108-149-¥-3-P1-50
NEOUS PARTS:

2 INLET 8TRA!NErS (F3-12-10

1 CHECK VALVE, OIL COOLER, BYPASE, (2-3

A
o\

-
!
»
1

©

ro

-8

(W%

CHECK VALVE, OliL COOLER, BYPASS,

2 RELIEF VALVES, DT-10-F

Mo

7



ACTUATOR COMPONENTS

CvLinNDpzrs, pouBLE ROD, FOR 3000 PSt AND HIGH SPEED OPERATION, 1 EACH
OF THE FOLLOWING:

AT  2X 2 1N cyLy, 1 N ROD, 13 IN STROKE 26 1IN

AU 2Y 2.5 1w cYL, 1.375 1N roD, 13 N STROKE SEC
AV 3X 2 1N ovLy 1 IN ROD, 15 IN 8TROKE

AW 3Y 3.25 1N oYL, 2 1N ROD, 15 IN STROXE 33{%C

AX  LX 3.25 (N CYL, 2 tN ROD, 18 (N STROKE

AY Ly IN cYL, 2.5 1N ROD, 18 IN STROKE L1 é%c
AZ 5% 4% 1N cvL, 2 1N ROD, 30 IN STROKE -

BA 5Y 5 1w cYL, 2.5 1N ROD, 30 IN STROKE 73 sEC
B8 5X 5 1N cYL, 2.5 N ROD, 35 IN STROKE N

8C 6Y 6 in oYL, 2.5 'n ROD, 35 1w STROKE 387 ®Fc
BD 7X 6 1N cvL, 3.5 In ROD, 47 N STROKE N

BE 7Y 7 iN cYL, 3 IN ROD, 47 N sTROKE 18 526
BF 8X 7 in cvLy 4 1N ROD, 60 iIN STROKE

BG 8Y 8 in gvL, 3.5 IN ROD, 60 IN STROKE 152 é%c
BH 9X 7 iN CcYLy 5 1N ROD, 63 IN STROKE

8J 9Y 6 IN cYL, 2.5 IN ROD, 63 IN STROKE 159 &8,

BK 3 semrvO vaALVES, SAL-D6-%%-220-10 Two STAGE

BL 5 SERVO VALVES, SPECIAL, 3 STAGE WiTH SAL-0D3
FIRST AND SECOND STAGE AND 2 INCH DIAMETER
3RD STAGE

M 8 SERVO VALVES, SPECIAL, 3 STAGE WiTH SAL-D3
FIRST AND SECOND STAGE AND 4 INCH DIAMETER
3FD STAGE

B8N & PRESSURE D:ZMAND CONTROL VALVES CAPACITY TO
70 cem

BP 3 PRESSURPE DEMAND COMTROL VALVES CAPACITY
To 340 gpwm

3Q 7 PRESSURE DEMAND CONTROL VALVES CAPACITY 70O
1400 apmM

ER 16 BHUTTLE VALVES, SPEC!AL

BS 16 riLTers, 12 epm, 12 uicaon PuroLator PR412,
3000 psi

87 16 accumurators, AI-75-10

N



AcTuaTon _CoMpoNeNTs (CONTINUED)

GLose vaLvES, 3000 pSt, AS FOLLOWS:
BU 4 1.5 1NCH
3V 2 2.0 INCH

3 6 2.5 INCH
84X 4 3,2 iNcH
3y 12 4.9 inew
32 4 5.0 incH



SLECIRICAL T MP SENTS

L SEPVD AMPLIFIERS, LAPO-t1-11

» FLNCT N SENERATGRS, GENDRAL FaDro 1305AR
16 PATEN 1 OMEITRS, FEEDEACK, LCAD POCITION
1 GEARING, FEEDHACK POIENI ICUETER

1¢ ACCCLERCMETERS

) PREAMPLIFIER AND PCWER 8uUPPLY HiCHG GEE
TRUDSGIS MODEL Y2TAC
MIBCULLANENUS LLECTR ICAL HQU!IPHMENT
" tor STARTERS AC COMBINATION MAGNETIC STARTERS LINE VOLTABE TVYPE,
~LTOR_ 21 RS E E,
Gl CulT Bi SAKER .YPE, JIMOTALLIC CVFRLGAD eitavs, Lo 1vpi 1, 4i+) VAC

ToCaa srze O oFor NOD np oweror

U

1 NCBA st1ze 5 fFor 220 HP WITOF

1 N-VUN s 2¢

1

FoR 125 HP MO0
1 NEQA s12c b rom 75 HP MOTOR
1 NEJA si12e 1 For 1D HP MOTOR

1 MEWA s12€ D FOR 5 HP MOTOR

L2
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SECTICN 1V CUPARISCN NF THILZZ SYSTEMS

SUMMALY OF CCUVENTIONAL AND ENERGY STORAGE SYSTEMS

THREE HMYDRAULIC DRIVE SYSTEMS ARE ANALYSED (N THiS REPORT: (1)
CONVENTIONAL SERVO VALVE-CYLINDER POSITIONING SYSTEM WITH PRESSURE
DEMAND, (2) TNERGY STOHRAGE SYSTEM USING MECHANICAL SPRINGS WITH SERVD
VALVE=CYLINDR CONTROL, AND (3) ENERGY STORAGE SYSTEM USING FLUID COM-
PRESSIBILITY WITH SERVO PUMP-CYLINDER CONTROL., [HE SYSTEMS WHICH
USE ENERGY STORAGE ABSORB ENERGY DURING DECELERATION OF THE LOAD
AND RETURN ENERGY TO THE LOAD DURING ACCELERATION.

N ADDITION, A FOURTH SYSTEM USING AIR=-0IL ACCUMULATORS FOR
ENERGY STORAGE WAS INVESTIGATED, THI 8 B8YSTEM WAS RULED OUT BECAUSE
OF THE EXCESSIVE SPRING RATE CHANGE OF THE SYSTEM OVER THE OPERATING
CYCLE. THIS EFFECTIVE SPRING RATE CHANGE WOULD NULLIFY MUCH OF THE
ANTICIPATED POWER SAVING AND ADD TO THE HARMONIC CONTENT OF THE
QUTPUT,

THE CONVENTIONAL SERVO VALVE-CYLINDER POSITIONING SYBTEM USES A
SERVD VALVE TO POSITION THE LOAD GCYLINDER., A\ THIRD STAGE S USED ON
THE SERVO VALVE TO MEET THE FLOW DEMAND ON AXES WHERE THE FLOW RE-
QUIREMENT 18 HIGH, TWO DIFFERENT S1ZE THRD STAGES ARE PROPOSED TO
MEET THE RANGE OF FLOW DEMANDS OF THE VARIOUS DRIVES, OSYSTEM FLOW 1S
SUPPLIED BY A NUMBER OF FIXED DISPLACEMENT VANE PUMPS., THE NUMBER
OF PUMPS IN USE 15 DETERMINED BY THE FLOW REQUIREMENTS OF THE DRIVES
BEING OPERATED,

THE MECHANICAL SPRING SYSTEM USES MECHANICAL SPRINGS W!TH THE
BPRING RATE SET SO THAT THE SPRING MASS RESONANT FREQUENCY OF THE
SYSTEM OCCURS AT THE DESIRED OSCILLATION FREQUENCY. THE SERVO VALVE

CYLINDER POSITIOMAL CONTROL N THIS CASE ACTS AS THE FORCING FUNCTION
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CoMPAR 1 SON

CHART FOR_THREL

SYSTZMS

SysTEi!

LCOST. TOTAL

FERFORMANCE

FFEQUENCY ACCURACY

- PLITUDE ACCURACY

HARMONIC CONTENT

PROSABILITY OF SUCCESS

CONVENTIONAL

HiagHEST

Goop

Goon

Goop
Geoop
Goop
Low

12 MONTHS

Goop

jc‘ﬁ

MECHANICAL

SPRING _STOF AGE

MeDrunw

Fair

Foor

Goop
Gocop
Cair
EDI UM
13 MONTHS

Fasr

FLruip
STCRAGE

LowesT

FAIR

FAIR

500D

Goop

Fair
NEDIUM
11 MONTHS

Fair



Cost Compar1SsON

AT

ChsTs sHOWN HERE ARE APPROXIMATE FOR COMPARISON PURPOSES

ONLY.,

CosTs For PIPE, FITTINGS, AND ACCESSORY HARDWARE t8 NOT {NCLUDED,

SUMMARY OF FRELATIVE COSTS FOR THE THREE SYSTEMS

A
e

CONVENTIONAL SYSTEM

CoMPONENTS

DEsSiGN ENGINEERIN

w

ET UP AND FIELD ENGINEERING
ToTtaL

SPRING GIORAGE SYSTEM

CoMPOMNENTS

DEsSiGN CNGINEERING

SET UP AND FIELD ENGINEERING
ToTatL

FLuip CTORAGE SYSTEM

ComponCNTs
PEc1GN ENGINEERING
SET UP AND FIELD ENGINEERING

ToTaAL

©.300,200
©153,000

5101,000

w034, 000

& 83,000
2178,200
$228,000

476,000

Q
b

n
v

no
wn
C

b}

,00

(o)
(@

1
«."-‘1 J

$156,000
$437,000

tS QUTLINED HERE:



CoPAR1SON oF ConvenTionaL AND CNEmcY STORAGE SysTEMS (CONTINUED)

FOR THE SYSTEW AND 18 REQUIPED TO MAKE UP THE MECHANICAL LOSSES OF

THT SYSTEM. THE INPUT PCOWER REQUIREMENT OF THE SYSTEM WILL INCREASE
WHEN iT 1S NOT OSCILLATIHNG AT 178 NATURAL FREQUENCY. Fon Tiiis REASON,
THE NATURAL FREQUENCY OF THE SYSTE# 1S MATCHED TO THE DESIRED
OSCILLATING FREQUENCY OF THE LOAD B8Y CHANGING THE NUMBER OF SPRINGS
USED,

THE FLUID STORAGE SYSTEM 1S ANALOGOUS TO THE MECHANICAL SPRING
SYSTEM, EXGCEPT THAT ENERGY 1S STORED IN THE COMPRESSED FLUID INSTEAD
OF 1N THE MECHANICAL SPRINGS, WITH THIS SYSTEM, THE HYDRAULIC NATURAL
FREQUENCY 1S SET AT 0.8 cPS WHERE THE MAXIMUM SYSTEM POWER REQUIRE-
MENT OCCURS., THIS PROVIDES MAXIMUM POWER GAIN AT THE MAXIMUM POWER
POINT. | T WAS NOT CONVENIENT IN THIS CASE TO RETUNE THE SYBTEM FOR

LOWER OSCILLATING FREQUENCIES BECAUSBE OF THE EXCES8S8SIVE O1L VOLUMES

DR MULTIPLE CYLINDERS WHICH WOULD BF RFQUIRED. THEREFORE, AT LOWER

FREQUENCIES WHEFE POWER REQUIREMENTS ARE NOT A8 HIGH, OPTIMUM POWER

GAIN IS NOT UTIL!I ZED.
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PerfFOoRMANGE COMPARISON

1. ConNvENTIONAL SYSTEM

JLL THREE SYSTEMS ARE SSSENTIALLY POSITIOHNAL CONTROL SYSTEMS.
THEC CONVENT!ONAL SYSTEM WILL HAVE THE MOST AEBSOLUTE GONTROL OF SYSTEM
PERFORMANCEZ. | 7S RESONANT FREQUENCY WiLL BE WELL ABOVE THE FREQUENCY
AT WHICH THE SYSTEM IS BEING OSCILLATED RESULTING IN MUCH ZETTER
CONTROL SYSTEM CHARACTERISTICS THAN THE TWO EMERGY BTORAGE
SYSTEMS. ALSO, THE FULL POWER REQUIRED BY THE LOAD 1S AVAILABLE FROM
THE GCOMTROL SYSTEM. 1S A RESULT, THE CONVENTIONAL SYSTEM CAN BE
EXPECTED TO HAVE THE MINIMUM IRANSIENT TIME ON STARTUP AND HAVE THE
BEST CONTROL OF OSCILLATION AMPLITUDE. |7 WiLL ALSO BE LESS EFFECTED

DY CHANGES IN SYSTEM PARAMETERS Duk 70 7T

mn

MPERATURE CHANGES AND CHANGES
IN FRICTION, ETC,

2. SPRING STORAGE SysTeM

THE SPRING STORAGE SYSTEM DEPENDS ON OBTAINING A SYSTEM RESONANT
FEEQUENCY CLOSE TO THE FREQUENCY 0OF OSCILLATION OF THE LOAD IN DODRDER
TO PROVIDE POWER AMPLIFICATION. THE CONTROL SYSTEM MUST THEREFORE
PROVIDE CONTROL OF A SYSTEM WHICH 18 OSCILLATING AT 1 TS NATURAL FRE-
GUENCY. THE SERVDO PROBLEMS ASSOCIATED WiTH THIS TYPE OF CONTROL TEND
TO LIMIT THE SYSTEM SBENSITIVITY WHICH CAN BE OBTAINED. AS A RESULT,
THE CONTROL OF THE OSCILLATION AMPLITUDE WILL BE MORE EFFECTED EBY
DRIFTS AND PARAMETER CHANGES THAN THE CONVENTIONAL SYSTEM. ALso,
BECAUSE OF THE LIMITED POWER AVAILABLE FROM THE CONTROL, SEVERAL
CYCLES WitLL BE REQUIRED ON INITIAL STARTUP TO BRING THE SYSTEM UP TO
PEAK AMPLITUDE., ITHE CONSERVATION OF ENERGY THEN 18 OBTAINED AT THE
EXPENSE OF REDUCED ACCURACY OF COHNTRCL AND SYSTEM RESPONSIVENESS,

3. FrLuiD STORAGE OSYSTEM

THE FLUID STORAGE SYSTEM LIKE THE SPRING STORAGE SYSTEM DEPEZ DS

3k



PEAFORMANGE CnuPARISON (CONTINUED)

ON OPERATIDON NEAR SYSTEM RESONANCEZ TO OBTAIN POWER AMPLIFICATION. (Y
THIS CASEy THE COMPRESSIBILITY OF THE HYDRAULIGC FLUID IS USED INSTEAD
DF A SPRING. COoNTROL PROBLEWMS RESULTING FR2M DPERATION OF THE SYSTEM
AT 178 RESONWNANT FREQUENCY APPLY TO THE FLUID STORAGE SYSTEM AS WELL
AS THIZI SPRING STORAGE SYSTEM, FITH THE FLUID STORAGE SYSIEM PROPCEED,
THE KRESONANT FREQUENCY IS TUNED ONLY FDOR THE MAXIMUM OPERATING
FREQUEHNCY AMD THEREFORE PROVIDES LESS POWER CONSERVATION AT INTER-
MEDIATE FREQUENCIES THAN THE SPRING STORAGE SYSTEM, L1KE THE SPRING

© NG
oo wil

m
«

Vo T oA
T e+ o

', ACCURACY OF AMPLITUDD CONTROL AND SYSTEM RFSPONSIVENESS

3>
o

1S LESS THAN F2R THE CONVENTIONAL SYSTEM,
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Froouewncy Stasit1 Ty AND PELATIVE “AsE orF CHAanGiNG FREQUENCY

1. ConmvEnTI1OHAL OSYSTEM

WiTH THE COMVENTIONAL SYSTEM, 1T 18 ONLY NECISSARY TO CHANGE THE

FREQUENCY SLCTTING OF THE FUNCTIOHN GENMCRATOR COMIAAND S!GNAL TO CHAMNGE
SYSTEM FREQUENCY. SINGT THE SYSTEM FOLLOWS THE FUNCTION GEHERATOR
S!CNAL, THT ACCURACY OF FRLOQUENCY CONTACL S THE SAME AS THE SIGNAL
GENERATOR (E37). IARMONIC CONTENT OF THE 8IGHAL GENERATOC 1S ASOUT

3%, To MINIMIZE THE TOTAL HARMONIC CONTENT il THE OUTPUT, A PRESSUREL
DEMAND SYSBTEWM iS USED WiTH THZ SERVO VALVE. TH!S PROVIDUS MORE LINEAR
OPERATIIG CHARACTERIST!CS TO THE SERVO VALVE AND TENDS 70O REDUCE ANY

HARMONICS WH!CH MIGHT 388 GENERATED N THE LOAD MOTION DUE 70O THE SERV

2. CSPrRING STORAGE SYSTEM
S1ncs A SPRING MASS SYS8TEM IN STEADY STATE OSCILLATION OSCILLATES
AT THE FREQUEMNCY OF (TS FORCING FUNCTION, ACCURACY OF FREQUENCY CON-
TROL WILL AGAIN DEPEND ON THE ACCURAGY OF THE FUNGCTION GENERATOR.

0 ADDI 10N TC CHANGING THE FREQUENCY OF THE COMMAND VOLTAGE,
TO CHAMGE THE FREQUENCY OF OSCILLATION OF THIS SYSTEM REQUIRES THAT
THE NATURAL FREQUENCY OF THE SYSTEM 8E CHANGED., THIS 1S DOME BY
REMOVING OR ADDING SPRINGS, SO THAT THE SYSTEM NATURAL FRCQUENGY
EQUALS THE DESIRED OSCILLATING FREQUEMCY. THE EASE OF FREQUENCY ADJUST-
MENT THEN DEP;NDS ON THE EASE WITH WHICH THE MECHANICAL SPRINGS CAN
BE RENMOVED OR FEPLACZD. HARMONIC CONTENT i1H THE DUTPUT DEPENDS ON
NONLINEARITIES IN THE SYSTEM SUCH AS SERVO VALVE NONLIMEARITY AND THE
CHANGE OF SPRING RATE WITH DCFLECTION AND TEMPERATURE.

3. FrLuip Storage CysTEM

THE ACCURACY OF STEADY STATE CONTROL OF FREQUENCY, LIKE THE SPRING

STORAGE SYSTEM, DEPENDS ON THE ACCURACY OF THE FUNCTION GENERATOR, TH1S8
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Frequency STABILLTY AND FeraTive Fase OF CHANGING FREQUENCY

FLuip Storage System (CONTIMUED)
SYSTEM SACRIFICES SOME POWER AMPLIFICATION BY NOT RE=ADJUSTING THE
SYSTEM NATURAL FREQUENCY TO LOWER THAN D.84% crps., FREQUENCY CHANGES
ARE THEN MADE OMLY BY ADJUSTMENT OF THE COMMAND VODLTAGE FROM THE
JCT1ON GENERATOR., ACCELERATION FEZEDBACK !S PROPOSED TN FLATTEN
THE CLOSED LOOP FREQUENCY RESPONBE CURVE AND *MINIMIZE THE NEED FOR
AMPLITUDE RE-ADJUSTMENT WHEN FREQUENCY 1S CHANGED. HARMOMNIC CONTENT
IN THE OQUTPUT WILL BE ESSENTIALLY A FUNCTION OF SYSTEM NOWLINEARITIES.
A SERVOPUMP CONTROL IS PROPOSED FOR THIS SYSTEM RATHER THAN A SERVOVALVE

CONTROL . THIS WILL PROVIDT MORE LINEAR OPERATICN TO M

NIVt ZE HARMON!CS,

[(§8)
NG



siruciura Frequercy PEQUIREMENTS

8 A GENERAL PULE, 17T 1S DESIRABLE TO HAVE THE LOWEST SYSTEM
RESOMNANCE AT LEAST THPEE TIMES THE MAXIMUM DESIRED GLOSED LDOP FRE-
QUENCY RESPONSE OF SIGNIFICANT MAGNITUDE, AND THE SECOND LOWEST SYSTEM
RESONANCE AT LEAST THREE TIMES THE LOWEST SYSTEM RESONANCE,

N THE CONVENTIONAL SYSTEM, THE EXPECTED HYDRAULIC RESONANT
FREQUENCY 1S COMPUTED TO EE IN THE NEIGHBORHOOD OF 9-1D cps. THis
WOULDy, ACCORDING TO THE RULLC OF THUMB REQUIRE A MINIMUM STRUCTURAL
FREQULNCY OF AT LEAST 3 CcPS.

Cn THE TWO CNERGY STORAGE SYSTEMS, THE LOWEST SYSTEM RESONAMNC

m

18 AT THE FREQUENCY OF CSECILLATION FOR THE MECHANICAL SPFING EBYSTEM
AND AT 3.8)*7 CPS FOR THE FLUIL STORAGEL SYSTEM, SINCE THIS COPERATING
tODE COULD BL EXPECTED TO PRESENT CONTRCL PROBLEMS DUE TO CPERATION

AT EYSTEWM RESONANCE, 1T MAY BE WELL 1IN TH!S CASE TO HAVE THE STRUCTURAL

REBONANCE WELL OVER 3 CPS,
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SCHEMATIC DIAGRAMS

70 41.% PARTS LISTS ARE IHCLUDED AT

THLC RESPECTIVE SyeTems., LINE €12ZES

THE CRITER!ON FOR 1. 5L, 1MUM LI!NE S142ZE

FOFR PREESSURE LIMNES AND 3 F7/8CC. FOR

ViLtL BE

THE END

LFRE NOT

WitL BE

I NTAKE

FOR THE THREE SYSTEMS ARE SHOWN ON PAGES )+:)

OF THE SECTIGNS DESCRIBING

CHOWN ON THE DRAWINGS,

1% FT/SEC FLUID VELOCITY
Line o

LINES, ' ZES

MATCHED TO PORT S1ZES ON THE COMPONENTS WHERE PRACTICAL.

THE MINIMUM INTERNAL DIAMETER OF THE PIPING WitL B8E d= 0.165 JGPW FoRr

PEESSURE LINES AND d= 0.370 JepPm roOR

CORRESPONDING 7O THE MAIN FLOW OHN EA

APPENDIX SECTION OF EACH SYBTEM,

INTAKE LINES,

CH AX1S

LINE &1 ZES

ARE TABULATED N THE

*CONVENT1ONAL SysTem Drawine 12433-K 1s 1 NCLUDED,
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